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Using symmetry arguments we show how optical second harmonic generation (SHG) can be used 
to detect antiferromagnetism at surfaces and in thin films. Based on the group theoretical analysis of 
the nonlinear electric susceptibility we propose a new nonlinear magneto-optical effect, which allows 
even in the presence of unit-cell doubling for the unambiguous discrimination of antiferromagnetic 
surface spin configurations from ferro- or paramagnetic ones. As an example for this effect we discuss 
the polarization dependence of SHG from the fee (OOf ) surface of NiO in some detail. 
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In the last decade optical second-harmonic genera- 
tion (SHG) has become a well-established probe for the 
investigation of the geometrical and electronic proper- 
ties of surfaces and interfaces. In particular the nonlin- 
ear magneto-optical Kerr effect (NOLIMOKE) has been 
demonstrated both theoretically and experimentally as 
a powerful technique for the study of surface and inter- 
face ferromagnetism due to its enhanced surface sensitiv- 
ity 0- §]■ To generalize NOLIMOKE to arbitrary spin 
configurations and, since under ambient conditions many 
transition metals tend to form antiferromagnetic surface 
oxides (which become more and more important as sub- 
strates for catalytic reactions) , it is of considerable inter- 
est to explore the possibility of sensing not only bulk Q- 
|l2| but also surface and interface antiferromagnetism by 
SHG. Here we show by extending our previous theoretical 
work that also antiferromagnetic surfaces can be clearly 
detected by SHG. At first sight this seems surprising, 
since both the paramagnetic and the antiferromagnetic 
state exhibit time reversal symmetry. However, as will 
be shown by our detailed symmetry classification of the 
nonlinear electric susceptibility tensor we obtain char- 
acteristic differences of the susceptibilities in the para-, 
ferro-, and antiferromagnetic phases, which then can be 
detected by using different polarizations of the incoming 
light. Our analysis proposed here is different from the 
recent pioneering studies of antiferromagnetic bulk do- 
mains of Cr 2 3 by Fiebig et al. They observed 
antiferromagnetic 180° domains of bulk CV2O3 from a 
strong intensity contrast in SHG transmission and ex- 
plained this effect by the interference of the nonlinear 
electric susceptibility (nonzero only in the antiferromag- 
netic phase) and magnetic susceptibility (allowed in both 
phases) |l5[ . While the phenomenon in Cr%0-& results 
from the simultaneous action of spin-orbit coupling and 
trigonal crystal distortion |l6|, we show here that SHG 
may also probe antiferromagnetism at surfaces of cubic 
crystals without involving interference effects or crystal 
distortions. 

We start our theory from the symmetry analysis of the 



nonlinear susceptibility using classical electrodynamics. 
The nonlinear response is described by the nonlinear elec- 
trical polarization P.; ^ acting as a source term in the 
wave equation and related to the incident photon field by 



the nonlinear electrical susceptibility x e 
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Here, X e ? ^ s ^ ne nonlinear electrical susceptibility in 
dipole approximation. It is a polar tensor of rank three 
which is nonzero only at the surface of a cubic mate- 
rial. According to Neumann's principle this susceptibility 
(which is a property tensor) has to remain invariant un- 
der any symmetry transformation l n ^„'(n = k, n' = 
i' k' , ) leaving the lattice invariant ^Jlgf] : 

Xei%'k' = l i'ih'3 l k'kX { ei% , i,j,k = X,y,Z. (2) 

If time inversion R : t — > —t alone or in combination with 
any space operation I belongs to the classifying symmetry 
elements, Eq. (2) must be replaced by: 

XeM'W = ±l i'ih'j l k'kX { ei%, hj,k = X,y,Z, (3) 

where - (+) refers to the case when x^ 2 ^ changes sign 
under time-inversion R, denoted as c-tensor (remains in- 
variant, i-tensor) fl7|| . 

Using now the symmetry transformations for a para- 
magnetic, ferromagnetic, and antiferromagnetic state we 
can immediately determine the resulting non-vanishing 
elements of x^tjk- Since, depending on the magnetic 
state, different tensor elements vanish, it is possible to 
detect optically antiferromagnetism by varying the po- 
larization of the incoming light. The allowed tensor ele- 
ments resulting from Eqs. (2) and (3) are given in Tab. 

s 

The new predicted nonlinear magneto-optical effect re- 
sults from the fact that the point groups obtained for 
antiferromagnetic configurations are different from the 
ones describing para- or ferromagnetic states of the same 
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surfaces, since all three phases have characteristically dif- 
ferent symmetry features: A ferromagnetic surface never 
exhibits time inversion symmetry R, but R may occur in 
combination with spatial symmetry operations, (i.e. the 
symmetry group is magnetic.) In the paramagnetic state, 
however, a surface always remains invariant under time 
reversal. Hence, for surfaces of cubic crystals the param- 
agnetic state exhibits the same time inversion symmetry 
as the antiferromagnetic state. But the two states usu- 
ally differ in the allowed space transformations, because 
in the paramagnetic phase no spin configuration has to 
be regarded. 

In order to demonstrate that SHG yields a new effect, 
which sensitively probes antiferromagnetic surface spin 
configurations, we proceed as follows: (i.) We determine 
the magnetic space group of the surface lattice including 
the spin configuration. We find that all examined antifer- 
romagnetic (001), (110) and (111) surface configurations 
are highly symmetric: There always exists a translation 
T so that time reversal R becomes a symmetry element 
of the lattice in combination with this translation, (ii.) 
Since the nonzero elements of the property tensors rig- 
orously follow from the point groups of a crystal, we re- 
strict ourselves to the corresponding operations replacing 
all translations by the identity |jl7j| . Thus, time-inversion 
R remains a symmetry element of all examined antifer- 
romagnetic spin configurations. Consequently unit-cell 
doubling occurring for most of the antiferromagnetic spin 
configurations does not affect the classification, (iii.) 
R has to be excluded from the analysis, since SHG is 
a dynamical process with a preferred direction of time 
fL6| |. In this case Neumann's principle is restricted to 
pure space symmetry operations of [jl7 19 1. The result- 
ing point group of space-transformations, which usually 
is just a subgroup of the classical point group characteriz- 
ing the symmetry of the three-dimensional lattice, is used 
to calculate the nonzero tensor elements of xii m ac ~ 
cordance with Eq. (2). For these subgroups, in contrast 
to the three-dimensional point groups jl7],[l8| , the tensor 
elements of X^ei have not been derived previously. 

To show the predicted sensitivity of SHG to surface an- 
tiferromagnetism we restrict ourselves to the very clear- 
cut example of one prototypic spin structure for each of 
the fee (001), (110) and (111) surfaces |(J. (see Tab. @) 
In all antiferromagnetic configurations additional tensor 
elements compared to the paramagnetic phase appear. 
As a prototypic example how nonlinear magneto-optics 
detects antiferromagnetism unambiguously, we discuss 
the fee (001) surface with spin configuration c)(see Fig. 
0), which is similar to the one of (001) NiO @. The 
point group describing the symmetry of this configura- 
tion consists of only one independent spatial symmetry 
operation, i.e. the 180° rotation about the z-axis 2 Z (z- 
axis perpendicular to the surface, x- and y-axes in the 
surface plane), which transforms (x, y, z) — ► (— x, —y, z) 



and causes the spin-moments, parallel or antiparallel to 
the ^-direction, to flip. But this spin flip, correspond- 
ing to time reversal R, can be replaced by a translation 
T about half the negative (x-y)-diagonal of the square 
unit-cell indicated by the arrow. So 2 Z T and RT are 
symmetry elements of the space group. Consequently, 
2 Z and R turn out to be symmetry elements of the cor- 
responding magnetic point group obtained by setting T 
equal to unity. (Other symmetry operations, as for exam- 
ple reflection at the (x-z)- or (y-z)-plane, are not allowed 
for this configuration, since under these transformations 
single spins change sign, whereas others stay invariant. 
So the spin structure changes and cannot be restored by 
time reversal or a translation.) Dropping R in classify- 
ing a dynamical process the remaining point group is the 
classical monoclinic group 2 which consists of the ele- 
ments 1 and 2 Z . Hence, as can be seen from Tab. GL this 
spin configuration is especially suited for the detection 
of antiferromagnetism by nonlinear magneto-optics: The 
tensor elements xyz = xzy, yzx — yxz, and zxy = zyx 
appear in the antiferromagnetic phase only. Both in the 
para- and in the ferromagnetic state (M || x) they are 
zero. On the other hand there are tensor elements, as for 
example yyy, yxx and yzz, which occur exclusively in the 
ferromagnetic state. 

Having completed now the symmetry analysis of the 
susceptibility tensor the various tensor elements can be 
singled out in the SHG response by varying the light po- 
larization H,§|: The reflected light at frequency 2lo is 
given by 
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A P F C cos $ 
A s sin $ 
A P N 2 F S cos$ 
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f 2 t 2 p COS 2 if 

t 2 sin 2 <p 

f 2 t 2 p COS 2 if 

2f s t p t s cos ip sin ip 
2f c f s t 2 p cos 2 ip 
\ 2f c t p t s cos<^sin</> J 

where Xei^ ^ s the susceptibility tensor for the respec- 
tive surface configuration, $, if are the angles of polar- 
ization for the reflected second harmonic and fundamen- 
tal light, N(2uj) is the index of refaction at frequency 
2u>, F c ,s)/c,s are the corresponding Fresnel coefficients, 
T s ,p,t s ,p the linear transmission coefficients, and A p , A s 
the amplitude factors of s- and p-polarized light. It be- 
comes obvious how by varying the light polarization dif- 
ferent elements of Xijk enter. To discriminate optically 
the antiferromagnetic spin configuration of the (001) sur- 
face from the para- or ferromagnetic one it is sufficient to 
measure the s-polarized SHG output as a function of the 
polarization of the fundamental light. Tab. || shows the 
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resulting SHG fields obtained by Eq. (4) with the charac- 
teristic tensor elements for the three phases and different 
incoming light polarizations. Obviously the difference be- 
tween the polarized SHG signals of the states is caused by 
the appearance of the yyy element in the ferromagnetic 
phase in contrast to the para- and antiferromagnetic ones 
(s — * s) and by the appearance of the yzx element in the 
antiferromagnetic state in contrast to the paramagnetic 
one {p — > s). Fig. || schematically illustrates the differ- 
ences between the phases in dependence on the polar- 
ization of incident fundamental and reflected SHG light: 
In the paramagnetic state the s-SHG signal vanishes for 
both s- and p-polarized incoming light, in the antiferro- 
magnetic state it vanishes only for s- polarized incoming 
light and in the ferromagnetic state a pronounced s-SHG 
signal occurs for all three polarizations of the fundamen- 
tal light. Thus, performing measurements with s-, p-, 
or mixed polarized incoming light allows to sort out the 
antiferromagnetic state unambiguously. Moreover, us- 
ing appropriate polarizations of incident and SHG light 
one can directly observe the transition between the anti- 
ferromagnetic and paramagnetic state upon varying the 
temperature: The characteristic SHG signal for the an- 
tiferromagnetic phase disappears upon crossing the Neel 
point. 

In conclusion, our analysis shows that nonlinear op- 
tics provides a very sensitive optical probe for antifer- 
romagnetically ordered surfaces, even if the underlying 
threedimcnsional lattice is of very high symmetry. The 
time inversion symmetry of these surfaces needs not to 
be broken either (22j. This could be important for the 
observation of surfaces of oxidized transition metals and 
oxides like NiO, which often exhibit the above mentioned 
symmetry. Our analysis of antiferromagnetic spin con- 
figurations can be extended to interfaces such as Fe/Cr 
and offers a possibility for the imaging of an ensemble 
of ferromagnetic domains. An interesting application is 
also the determination of spin waves via time-resolved 
SHG spectroscopy. 
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TABLE I. Nonvanishing elements of XeT^ f° r certain spin configurations of the (001), (110), and (111) surfaces of a fee lattice. 
We denote Xijk by ijk. 



surface 



configuration point group symmetry operations non-vanishing independent tensor elements 



(001) 



para 



4mm 1, 2 Z , ±4,, 2 X , 2 y , 2 xy , 2- xy zxx — zyy,zzz,xxz — xzx = yyz = yzy 



fcrro 
(m || x) 



xxz = xzx, zxx, yyz = yzy, zyy, zzz, 
zzy = zyz, yzz, xxy = xyx, yxx, yyy 



afm: 
a) 

b) 
c) 



h2 x 



xxx, yyx = yxy, xyy, xxz = xzx, zxx, 
yyz = yzy, zzx = zxz, xzz, zyy, zzz 
xxy = xyx, yxx, yyy, yzz, zzy = yzy 
xxz = xzx, zxx, yyz = yzy, zyy, zzz 
zxx, xxz = xzx, zyy, yyz = yzy, zzz, 
xyz = xzy, yzx = yxz, zxy = zyx 



(110) 



para 
afm 



mm2 
2 



1? 2 2 , 2, x , 2y 



1,2, 



zxx, xxz = xzx, zyy, yyz = yzy, zzz 

zxx, xxz = xzx, zyy, yyz = yzy, zzz, 
xyz = xzy, yzx = yxz, zxy = zyx 



(111) para 
-more than one monolayer- 

// afm 



3m 1,±3,,3(2 ± ) 



xxx = -xyy = -yyx = -yxy, zxx = zyy, 

xxz = xzx = yyz = yzy, zzz 

xxx, xyy, yyx = yxy, zxx, xxz = xzx, 

zyy, yy z = yzy, xz z, zzx = zxz, zzz 



(111) para 6mm 1, 2 Z , ±6 Z , 6(2 ± ) 

-exactly one monolayer- 

// afm 2 1,2, 



zxx = zyy, xxz = xzx = yyz = yzy, zzz 

zxx, xxz = xzx, zyy, yyz = yzy, zzz, 
xyz = xzy, yzx = yxz, zxy = zyx 



TABLE II. Reflected SHG signal for different polarizations of the fundamental light for the (001) surface of a fee crystal. 



Configuration Pincoming-light PSHG-Hght 

para s s 

P s 

mix(45°) s 

ferro s s 

(M || x) p s 

mix(45°) s 

afm s s 

P s 

mix(45°) s 



SHG wave £ (2 "> 




2i(^)\E^\>A s thyy 

2% (f) \E^ ) \ 2 A s t 2 p (f*yxx + fiyzz) 

2i (a) \EV w) \ 2 A s (±fif*yxx + \t\yyy + \f a t 2 v yzz + f a t P t s yyz) 


2i (f ) \Ei 2u,) \ 2 A s t 2 p 2f c f s yzx 

2t(s) \E (2 " ) \ 2 A s (f s t p t 3 yyz + f c f a t 2 p yzx) 
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FIG. 1. Antiferromagnetic spin configurations of low index surfaces of NiO. 



FIG. 2. Dependence of the s-polarized SHG signal on the polarization of the incoming light. 
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